With the development of high-resolution Synthetic Aperture Radar (SAR) systems, researchers are increasingly paying attention to the application of SAR offset tracking methods in ground deformation estimation. The traditional normalized cross correlation (NCC) tracking method is based on regular matching windows. For areas with different moving characteristics, especially the landslide boundary areas, the NCC method will produce incorrect results. This is because in landslide boundary areas, the pixels of the regular matching window include two or more types of moving characteristics: some pixels with large displacement, and others with small or no displacement. These two kinds of pixels are uncorrelated, which result in inaccurate estimations. This paper proposes a new offset tracking method with SAR images based on the adaptive matching window to improve the accuracy of landslide displacement estimation. The proposed method generates an adaptive matching window that only contains pixels with similar moving characteristics. Three SAR images acquired by the Jet Propulsion Laboratory's Uninhabited Aerial Vehicle Synthetic Aperture Radar (UAVSAR) system are selected to estimate the surface deformation of the Slumgullion landslide located in the southwestern Colorado, USA. The results show that the proposed method has higher accuracy than the traditional NCC method, especially in landslide boundary areas. Furthermore, it can obtain more detailed displacement information in landslide boundary areas.
Introduction
A landslide is a kind of destructive geological disaster that causes enormous economic losses and threatens human lives [1] . Therefore, it is necessary to monitor landslide displacement for preventing hazards and mitigating losses. Remote sensing is a rapid and accurate tool that has been used in monitoring landslides for decades [2, 3] . As an active remote sensing technology, Synthetic Aperture Radar (SAR) can work under any weather and illumination conditions [4] . It has been widely used in many different applications, such as topography inversion [5, 6] , forest investigation [7, 8] , ocean observation [9] and geohazards monitoring [10] [11] [12] [13] [14] . For landslide monitoring, the differential interferometric SAR (D-InSAR) technology and the offset tracking method with SAR images have been widely used. The D-InSAR technology can monitor ground deformation with high precision. However, it only measures the deformation along the line-of-sight (LOS) direction, and cannot measure deformation exceeding the maximum detectable deformation gradient [15, 16] . The offset tracking method can measure large deformations along both the azimuth and range directions, but its precision is determined by the resolution of SAR images [17] . Now, the resolutions of spaceborne SAR systems schematic of the traditional NCC tracking method. The normalized cross correlation is defined in Equation (1).
where the template size is M × N, i ∈ {1, 2, . . . , M} and j ∈ {1, 2, . . . , N} . m i,j and s i,j are intensity values at pixel (i, j) within the template of the master image (IM) and the slave image (IS), respectively. µ m and µ s are the mean of the template of IM and IS, respectively.
where the template size is , ∈ 1, 2, … , and ∈ 1, 2, … , . , and , are intensity values at pixel , within the template of the master image (IM) and the slave image (IS), respectively. and are the mean of the template of IM and IS, respectively. Figure 1 shows that the regular matching template (red rectangle) contains pixels from both the stable (white pixels) and sliding areas (orange pixels) when it locates on the boundaries of the landslide. When the pixel under test is located in the moving area, as shown in Figure 1b , the white and gray pixels within the red rectangle will be decorrelated with the white pixels (within the red rectangle) in Figure 1a . Then, the normalized cross correlation of two matching windows will decrease significantly, which will affect the position of the normalized cross correlation plane's peak. Therefore, it will reduce the accuracy of the offsets estimation when the pixel under test is located in the landslide boundaries. In addition, the above problem becomes worse when the size of the matching templates increases, at which point the affected area also becomes larger. The white and blue pixels in (b) come from stable areas, the orange pixels come from moving areas, and the gray pixels are newly emerged area because of sliding.
The Proposed Adaptive Normalized Cross Correlation (ANCC) Method
For solving the above problems, we generate an adaptive matching window containing similar moving characteristics with the pixel under test by the proposed offset tracking method. In this adaptive matching window, the pixel under test is either located in the moving area or the stable area. As shown in Figure 2 , the pixels within the adaptive window (indicated by the red polygons) are all from the sliding area. Then, we compute the correlation value using the Equation (2).
is the pixel sets in the adaptive matching window, , ∈ .
, and , are intensity values at pixel , within the template of IM and IS, respectively. and are the mean of the template of IM and IS, respectively. Figure 1 shows that the regular matching template (red rectangle) contains pixels from both the stable (white pixels) and sliding areas (orange pixels) when it locates on the boundaries of the landslide. When the pixel under test is located in the moving area, as shown in Figure 1b , the white and gray pixels within the red rectangle will be decorrelated with the white pixels (within the red rectangle) in Figure 1a . Then, the normalized cross correlation of two matching windows will decrease significantly, which will affect the position of the normalized cross correlation plane's peak. Therefore, it will reduce the accuracy of the offsets estimation when the pixel under test is located in the landslide boundaries. In addition, the above problem becomes worse when the size of the matching templates increases, at which point the affected area also becomes larger.
For solving the above problems, we generate an adaptive matching window containing similar moving characteristics with the pixel under test by the proposed offset tracking method. In this adaptive matching window, the pixel under test is either located in the moving area or the stable area. As shown in Figure 2 , the pixels within the adaptive window (indicated by the red polygons) are all from the sliding area. Then, we compute the correlation value using the Equation (2). This strategy can eliminate the decorrelation caused by the different types of moving characteristics within the matching windows. Therefore, it will increase the correlation value of the best matched position and improve the accuracy of the offsets estimation. However, how to generate the adaptive window is the key step. As we cannot get the priori information for the exact boundaries of the landslide, we first get an initial azimuth and range offsets estimation results by using the traditional NCC method based on a regular matching template, as shown in Figure 1 . Then, we use these results to generate two mask results in azimuth and range direction, respectively. The results with offsets larger than a threshold are defined as the moving area, and the rest of the results are the stable area. According to the above mask results, when the pixel under test locates in the moving area, as shown in Figure 2 , we only choose the pixels belonging to the moving area defined by the mask results (indicated by the red polygons) for computing the correlation values. As shown in Figure 3 , the detailed steps are as follows:
(1) Making a rough co-registration for master and slave SAR images; (2) Calculating initial azimuth and range offsets between master and slave SAR images using the traditional NCC method; (3) Thresholding the azimuth and range offsets and generating two corresponding mask images; (4) Estimating azimuth and range offsets by using an adaptive window guided by the mask images; (5) Fitting the orbit offsets function with the pixels from stable areas determined by the above mask results; (6) Subtracting the fitted orbit offsets and generating azimuth and range displacements by multiplying the corresponding pixel spacing. However, how to generate the adaptive window is the key step. As we cannot get the priori information for the exact boundaries of the landslide, we first get an initial azimuth and range offsets estimation results by using the traditional NCC method based on a regular matching template, as shown in Figure 1 . Then, we use these results to generate two mask results in azimuth and range direction, respectively. The results with offsets larger than a threshold are defined as the moving area, and the rest of the results are the stable area. According to the above mask results, when the pixel under test locates in the moving area, as shown in Figure 2 , we only choose the pixels belonging to the moving area defined by the mask results (indicated by the red polygons) for computing the correlation values. As shown in Figure 3 , the detailed steps are as follows:
(1) Making a rough co-registration for master and slave SAR images; (2) Calculating initial azimuth and range offsets between master and slave SAR images using the traditional NCC method; (3) Thresholding the azimuth and range offsets and generating two corresponding mask images; (4) Estimating azimuth and range offsets by using an adaptive window guided by the mask images; (5) Fitting the orbit offsets function with the pixels from stable areas determined by the above mask results; (6) Subtracting the fitted orbit offsets and generating azimuth and range displacements by multiplying the corresponding pixel spacing. 
Study Area and Experimental Results
In order to validate the proposed method, the Slumgullion landslide (37°59′30″N, 107°15′25″W) located in the San Juan Mountains of Colorado, USA is selected as the study area. Figure 4a shows the optical image of the study area. The active part of this landslide is about 3.9 km long, and its widths range from 100 m to 500 m [45] . The surface elevation of the landslide ranges from 2750 m to 3650 m [46, 47] . The great altitude difference causes the continuous sliding for hundreds of years. Scientists have done many studies in this area [48] [49] [50] [51] [52] . These studies indicate that the Slumgullion landslide have a maximum velocity of about 1 cm/day [51, 52] . These estimates are based on the DInSAR method and SAR images with intervals of several days or weeks. However, for a long time span, the displacements of the Slumgullion landslide far exceed the maximum detectable deformation of the D-InSAR method. Therefore, the offset tracking method is more suitable for monitoring the landslide with larger displacements. This paper selected three L-band SAR intensity images acquired by the JPL's UAVSAR system to estimate the displacement of the Slumgullion landslide. Figure 4b illustrates the UAVSAR intensity image acquired on 19 August 2011. The detailed information of the images is as shown in Table 1 . We mainly select the first two UAVSAR images for experiments and analysis. These two images were acquired within an interval of 265 days. The GPS observations that were used to validate the results were acquired between 1 August 2011 and 10 April 2012. Figure 5 shows the estimated velocities of the Slumugllion landslide by the proposed method with UAVSAR images on 19 August 2011 and 9 May 2012. The displacement results are shown in the radar coordinate system. The initial azimuth and range mask maps (as shown in Figure 6 ) for judging moving characteristics and determining the adaptive matching windows are estimated by the traditional NCC method. The thresholds used for generating mask images of the azimuth and range offsets are 0.2 pixel and 0.1 pixel, respectively. According to Figure 5 , the velocity of Slumgullion landslide is large in the middle, and small in the head and end of the landslide. In the middle area, the maximum sliding rate is about 1 cm/day, so the total displacement is about 270 cm during the interval time. The average rates of the head and end of the Slumgullion landslide are 0.14-0.25 cm/day and of 0.4-0.5 cm/day, respectively. Moreover, we compare the results with other studies on 
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Discussion
This section compares the proposed ANCC method and the classical NCC method in terms of offsets estimation accuracy and the stability of the offsets estimation under different matching window sizes.
Accuracy Assessment of the Offsets Estimation
The cross-correlation quality has significant influence on the accuracy of the pixel-offset measurement [25] . Therefore, the normalized cross-correlation coefficient is used to evaluate the accuracy of the offsets estimation for the proposed ANCC method. The matching algorithm finds the best match by maximizing the correlation of two image patches. The larger the correlation value, the better the accuracy of offsets estimation. As shown in Figure 7 , we make a comparison for the differences of the correlation coefficients for the best matched point between the proposed ANCC and the traditional NCC methods. Figure 7a ,b shows the correlation coefficients of the ANCC method in the azimuth direction ρ ANCC and range direction ρ ANCC , respectively. Figure 7c is the normalized cross-correlation coefficients of the NCC method ρ NCC . Figure 7d -e represent the differences ρ ANCC ρ NCC and ρ ANCC ρ NCC , respectively. For the boundaries of the landslide, the correlation coefficients in both azimuth and range directions for the proposed ANCC are larger than that of the NCC method by about 0.05 to 0.10. The main reason is that the NCC method uses the regular matching windows to calculate the correlation coefficients, which always contain pixels from both the stable and sliding area. In this case, the correlation coefficients decrease significantly. However, the proposed ANCC method uses the adaptive matching windows, which only contain pixels with similar moving characteristics. Therefore, the ANCC method can get more accurate displacements for the landslide, especially in the boundaries of the landslide. We make a comparison with the results estimated by GPS, ANCC and NCC, respectively. The locations of the GPS stations (CP 1-CP 7) are shown in Figure 5c . For comparison, the GPS monitoring results are transformed into the radar coordinate system. The GPS monitoring results are acquired from 1 August 2011 to 10 April 2012. As shown in Figure 8 
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Accuracy Assessment of the Offsets Estimation
The cross-correlation quality has significant influence on the accuracy of the pixel-offset measurement [25] . Therefore, the normalized cross-correlation coefficient is used to evaluate the accuracy of the offsets estimation for the proposed ANCC method. The matching algorithm finds the best match by maximizing the correlation of two image patches. The larger the correlation value, the better the accuracy of offsets estimation. As shown in Figure 7 , we make a comparison for the differences of the correlation coefficients for the best matched point between the proposed ANCC and the traditional NCC methods. Figure 7a ,b shows the correlation coefficients of the ANCC method in the azimuth direction ρ azi (ANCC) and range direction ρ rng (ANCC), respectively. Figure 7c is the normalized cross-correlation coefficients of the NCC method ρ(NCC). Figure 7d -e represent the differences ρ azi (ANCC) − ρ(NCC) and ρ rng (ANCC) − ρ(NCC), respectively. For the boundaries of the landslide, the correlation coefficients in both azimuth and range directions for the proposed ANCC are larger than that of the NCC method by about 0.05 to 0.10. The main reason is that the NCC method uses the regular matching windows to calculate the correlation coefficients, which always contain pixels from both the stable and sliding area. In this case, the correlation coefficients decrease significantly. However, the proposed ANCC method uses the adaptive matching windows, which only contain pixels with similar moving characteristics. Therefore, the ANCC method can get more accurate displacements for the landslide, especially in the boundaries of the landslide.
We make a comparison with the results estimated by GPS, ANCC and NCC, respectively. The locations of the GPS stations (CP 1-CP 7) are shown in Figure 5c . For comparison, the GPS monitoring results are transformed into the radar coordinate system. The GPS monitoring results are acquired from 1 August 2011 to 10 April 2012. As shown in Figure 8 , the results estimated by ANCC are in consistence with the GPS monitoring results both in the azimuth and range directions, and the NCC results are approximately the same with the GPS results, except for CP 4. It is worth noting that CP 4 is located in the landslide boundaries (Figure 5c ). The velocity of CP 4 estimated by the classical NCC is close to 0 cm/day, both in the azimuth and range directions, but the velocity monitored by GPS is approximately 1.12 and −0.16 cm/day in the azimuth and range direction, respectively. It is evident that the ANCC is more accurate than the classical NCC in monitoring displacement on the landslide boundary.
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Stability Evaluation with Different Size of Matching Windows
As mentioned above, the classical NCC offset tracking method cannot eliminate the effect of reduction caused by different moving characteristics within the regular matching windows, especially for the boundary area of the landslide. For improving the accuracy, it always increases the size of the matching windows, which obscures detailed information regarding the displacement. The proposed ANCC method can solve this problem by using the adaptive matching windows, which choose pixels with similar moving characteristics.
For evaluating the stability of the traditional NCC and the proposed ANCC methods, we compute the results of these two methods under different size-matching windows. Figure 9 shows the azimuth displacements of the rectangle A in Figure 5 
For evaluating the stability of the traditional NCC and the proposed ANCC methods, we compute the results of these two methods under different size-matching windows. Figure 9 shows the azimuth displacements of the rectangle A in Figure 5 during the period of 19 August 2011 to 9 May 2012. Figure 9a -c shows the results of the NCC method with the matching window of 129 49, 193 73, and 257 97 pixels, respectively. The results show that the displacements near the boundaries of the landslide become more blurred with the increasing matching window size. As shown in Figure 10a -c, the profiles along lines K1, K2 and K3 present that the edges of the azimuth displacements are changing with the increasing matching window size. In contrast, Figure 9d -f presents the azimuth displacements of the proposed ANCC method with the matching window of 129 49, 193 73, and 257 97 pixels, respectively. The results under different size-matching windows show similar azimuth displacements near the boundaries of the landslide. Also, as shown in Figure 10d -f, all the profiles along lines K1, K2 and K3 present similar characteristics, especially at the edges of the azimuth displacements. Compared with the NCC method, the proposed ANCC method can provide more stable estimations for azimuth displacements. Figure 11a -c, the range displacements near the boundaries of the landslide also become more blurred with the increasing matching window size. In the upper and lower parts of the landslide body in Figure 11a -c, with the increasing size of matching windows, some relatively stable areas (red rectangles) change to moving areas with much larger displacements. At the same time, some moving areas change to stable areas in the upper and middle parts of the landslide. This is obviously inconsistent with the facts. Also, as shown in Figure 12a -c, the range displacements estimated by the NCC method show severe unsteadiness on the edges of the landslide. On the contrary, the proposed ANCC method using different size-matching windows still obtain the detailed information of the displacements, as shown in Figure 11d -f, especially in the upper and lower parts of the landslide body. The range displacements profiles in Figure 12d -f also prove the stability of the proposed ANCC method. It is noted that the estimated displacements in the range direction are relatively worse than that in the azimuth direction for both NCC and ANCC methods. The main reason is that the images' pixel spacing in the range direction (1.67 m) is larger than that in the azimuth direction (0.60 m).
In addition, to further validate the proposed method, we select another pair of UAVSAR images with a shorter time span (9 May 2012 to 1 August 2012) for the experiment. Figures 13 and 14 show the azimuth and range displacement profiles along lines K1, K2 and K3, respectively. The results show that the estimations along the boundaries by the NCC method are changing with the increasing matching window size in both the azimuth (Figure 13a-c) and range (Figure 14a-c) directions. For the azimuth results of the ANCC (Figure 13d-f) , the edges are stable, though the time span is much shorter. The range results of the ANCC (Figure 13d -f) method are relatively worse than the azimuth results, because of the much lower resolution. However, the range results of the ANCC present much better stability along the landslide boundaries than that of the classical NCC method. Figure 11a -c, the range displacements near the boundaries of the landslide also become more blurred with the increasing matching window size. In the upper and lower parts of the landslide body in Figure 11a -c, with the increasing size of matching windows, some relatively stable areas (red rectangles) change to moving areas with much larger displacements. At the same time, some moving areas change to stable areas in the upper and middle parts of the landslide. This is obviously inconsistent with the facts. Also, as shown in Figure 12a -c, the range displacements estimated by the NCC method show severe unsteadiness on the edges of the landslide. On the contrary, the proposed ANCC method using different size-matching windows still obtain the detailed information of the displacements, as shown in Figure 11d -f, especially in the upper and lower parts of the landslide body. The range displacements profiles in Figure 12d -f also prove the stability of the proposed ANCC method. It is noted that the estimated displacements in the range direction are relatively worse than that in the azimuth direction for both NCC and ANCC methods. The main reason is that the images' pixel spacing in the range direction (1.67 m) is larger than that in the azimuth direction (0.60 m).
In addition, to further validate the proposed method, we select another pair of UAVSAR images with a shorter time span (9 May 2012 to 1 August 2012) for the experiment. Figures 13 and 14 show the azimuth and range displacement profiles along lines K1, K2 and K3, respectively. The results show that the estimations along the boundaries by the NCC method are changing with the increasing matching window size in both the azimuth (Figure 13a-c) and range (Figure 14a-c) directions. For the azimuth results of the ANCC (Figure 13d-f) , the edges are stable, though the time span is much shorter. The range results of the ANCC (Figure 13d-f ) method are relatively worse than the azimuth results, because of the much lower resolution. However, the range results of the ANCC present much better stability along the landslide boundaries than that of the classical NCC method. 
Conclusions
This paper analyzes the principle of the classical offset tracking method (NCC) based on the regular window, and we find that it has lower accuracy in the boundary area. To address this problem, we propose a new offset tracking method (ANCC) based on adaptive windows. The proposed method generates adaptive matching windows according to each pixel's moving 
This paper analyzes the principle of the classical offset tracking method (NCC) based on the regular window, and we find that it has lower accuracy in the boundary area. To address this problem, we propose a new offset tracking method (ANCC) based on adaptive windows. The proposed method generates adaptive matching windows according to each pixel's moving characteristics. We select a pair of high resolution UAVSAR polarimetric SAR datasets covering the Slumgullion landslide for experiments. The estimated displacements of the Slumgullion landslide show that the sliding velocity of the landslide ranges from 0.14 to 1.00 cm/day during the period of 19 August 2011 to 9 May 2012. Then, we make comparisons between the classical NCC and the proposed ANCC methods from two aspects.
(1) First, we compare the cross-correlation coefficients of the best matched points for the NCC and the ANCC methods. The NCC has much lower correlation values on the landslide boundaries, as it uses regular matching windows, which contain different types of moving characteristics. In contrast, the ANCC method uses adaptive matching windows, including pixels with similar moving characteristics. Then, it can greatly improve the estimation accuracy of displacements for the landslide. (2) Finally, we evaluate the stability with different size-matching windows for both methods.
On the landslide boundaries, the displacements estimated by the classical NCC method are changing severely and become ambiguous with the increasing matching window size. In contrast, the proposed ANCC method has great stability in boundary areas, no matter the size of the matching window.
In conclusion, the ANCC method is more accurate and stable than the classical NCC method in the displacement monitoring on landslide boundaries. The ANCC method can be extended to other large displacement monitoring, such as glacier and volcano monitoring.
